A numerical prediction method has been proposed to predict Bingham plastic fluids with free-surface in a two-dimensional container. Since the linear relationships between stress tensors and strain rate tensors are not assumed for non-Newtonian fluids, the liquid motions are described with Cauchy momentum equations rather than NavierStokes equations. The profile of a liquid surface is represented with the two-dimensional curvilinear coordinates which are generated in each computational step on the basis of the Arbitrary Lagrangian-Eulerian (ALE) method. Since the volumes of the fluid cells are transiently changed in the physical space, the geometric conservation law is applied to the finite volume discretizations. As a result, it has been shown that the present method enables us to predict reasonably the Bingham plastic fluids with free-surface in a container.
Introduction

Numerical Procedures
Basic Equations in Moving Curvilinear
Coordinates For incompressible non-Newtonian fluids, the set of equations describing conservation of mass, momentum and geometry in a moving coordinate frame reads respectively.
Here, t, ρ, p, τ ij and f i are time, density of liquid, pressure, deviatoric stress tensor and body force component per unit mass in x i direction, respectively.
As indicated in Fig.1 , the spatial coordinates in the physical space are represented by x i while ξ m denotes the spatial coordinates in the computational space which tracks the moving boundaries. J is a Jacobian of the transformation defined by
V 0 is an arbitrary spatial region of the computational space and its size is constant regardless of the com- 
(a) Physical space.
(b) Computational space. 
Free-Surface Profile and Grid Generation
The kinematic boundary condition for the free surface is given by the following equation:
where h is the free-surface height measured from a standard position and u si is the velocity components of free surfaces. Eq. (7) can be discretized with the contravariant velocity components U s2 on the freesurface as
Here, U n+1 s2
is obtained from the computational procedures in the C-HSMAC method 8) .
The boundary profiles of fluids including free surface are used as the boundary conditions for grid generation. Under this boundary conditions, the following elliptic equation is employed to rearrange the internal grid points:
Here, P m is a user-defined function which allows us to control the mesh intervals in the physical space. The grid generation is performed at every computational step to represent the free-surface profiles.
The boundary conditions for velocity gradients ∂u s1 /∂ξ 2 and ∂u s2 /∂ξ 2 on the free surface are given by the relationships for normal stress and tangential stress 8) .
Grid Velocity and Pressure Correction
In order to obtain the contravariant boundary velocity components V m , we numerically solve Eq. (3).
Eq. (3) is discretized with respect to time as the following form:
where J n+1 are known quantities since the internal grid points have been rearranged. In addition, since the internal points move only in the x 2 direction in the present study, V n 1 = 0 at any computational step. Therefore, we can obtain V 
Using Eq. (11) instead of Eq. (1), the following Poisson equation for φ can be derived
with
and
where g mj is a contravariant of the fundamental met- 
Bingham Model
In the Bingham model, the relationship between τ ij andγ ij is represented as follows:
whereγ ij is the rate of strain tensor. τ 0 and η p represents yield stress and plastic viscosity respectively. |τ | is its second invariant and defined as following form:
where dim is dimension number and equals 2 in this study. Eq. (17) means that Bingham plastic fluids exhibit no deformation at all (solid-like behavior) when the applied stress is below the yield stress, and that they flow like Newtonian fluids above the yield stress. In the present analysis we decided to use the Papanastasiou model 9) which has the following form:
where m is the stress growth exponent. |γ| is its second invariant and defined as Eq. (17). Using shear-dependent viscosity η, τ ij is related tȯ γ ij as follows:
Comparing Eq. (18) with Eq. (19), we obtain the following form:
η is calculated from Eq. (20) in each cell.
In the present analysis we use two dimensionless numbers. Bingham number Bn is defined as follows:
where U and l are representative velocity and length respectively.
Reynolds number Re BI is defined as follows:
Applicability of Prediction Method
Flow between two parallel plates
The flows between two parallel plates have been selected as a benchmark problem to validate the proposed computational method. The geometry and coordinates are shown in Fig.3 , where the length L and In order to confirm the numerical accuracy, the proposed method was applied in 30 × 20 non-uniform grid (Fig.4) . The computational results at steady state are shown in Fig.5 . The predicted velocity distribution in x direction agrees reasonably with the exact solution 10) . Thus, as shown in the previous study 11) , it has been confirmed that the present computational techniques are applicable. Fig. 3 The geometry of parallel plates and coordinates. 
Free Oscillation
The numerical analysis of the free oscillation of the liquids with small and large amplitudes allows us to confirm that the numerical technique satisfies the basic specifications, such as free-surface boundary conditions and grid generation based on the ALE method.
The two dimensional square container, as shown in At first, the case of the free oscillation with a small amplitude was examined. and Re = 100). As shown in this figure, no numerical damping effects are found for non-viscosity fluid, which has a similar tendency to the previous study 8) .
In addition, the adequate attenuation of the wave am- Besides, the numerical analysis of the free oscillation of Bingham plastic fluids with a large amplitude was performed. The generated computational grid distributions are shown in Fig.8 and the predicted velocity vectors are presented in Fig.9 . It can be seen that the adequate mesh regeneration is maintained and that the reasonable liquid motions are predicted in the calculation. Reynolds number is 50, gravity force g is 10.0 and the effect of surface tension is not taken into account.
Utilizing boundary-fitted coordinates, 15 × 15 nonuniform cells are generated. 
Conclusions
